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High-spin states in the N = 128 nucleus 218Th have been investigated following fusion-evaporation
reactions, using the recoil-decay tagging technique. Due to the short-lived nature of the ground state
of 218Th prompt γ rays have been correlated with the α decay of the daughter nucleus 214Ra. The
level scheme representing the decay of excited states has been extended to (16+) with the observation
of six previously unreported transitions. The observations are compared with the results of shell
model calculations and within the context of the systematics of neighbouring nuclei.
PACS numbers: 23.20.Lv,23.60.+e,27.80.+w
I. INTRODUCTION
Nuclei of the actinide region, particularly the isotopes
of thorium with neutron number N ≥ 126, have consis-
tently been of interest throughout the last thirty years [1–
5]. Possessing eight protons and (N − 126) neutrons
outside of the well-studied doubly-magic 20882 Pb126, these
nuclei are an ideal laboratory in which to test the validity
of shell-model interactions and to study the evolution of
single-particle states away from closed shells.
Additionally, the Th isotopes with N ∼ 126 are in close
proximity to a region of nuclei which have been shown to
be influenced by strong octupole correlations [6]. These
octupole correlations typically manifest themselves in
low-lying negative parity states thought to result from
octupole vibrations about a quadrupole-deformed core.
Indeed, rotational bands built upon these low-lying states
with strong interleaving E1 transitions are prevalent in
the nuclei in this region and are regarded as a signature of
this form of octupole collectivity [7]. The effect of these
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octupole correlations on the single-particle structure of
the lighter (N ∼ 126) isotopes is also of interest from a
shell model perspective.
A previous study of the nucleus 218Th, via conversion
electron measurements, by Bonin et al. [1] resulted in the
observation of five excited states, with positive parity (up
to spin 10~). Measurements of the ratio of the observed
number of K- and L-shell electrons established that the
excited states are deexcited via stretched E2 transitions.
No evidence for the low-lying negative-parity states that
are observed in the heavier Th isotopes was reported.
The fact that these states were not observed, in addi-
tion to the decreasing energy spacings between levels as
a function of spin, has been interpreted as a sign of low
collectivity [4].
One issue with the study of 218Th, and indeed the
neighbouring Th isotopes, is the difficulty encountered
in its production. The conventional method of producing
these nuclei is via the evaporation of neutrons following
fusion reactions. Although the evaporation of a neutron
is considerably more likely than that of a charged parti-
cle, fission at each step of the fusion-evaporation process
dominates.
The recoil-decay tagging (RDT) technique [8–10] was
initially developed in order to study nuclei produced
with low cross sections. This method, however, can
also be useful in the study of nuclei produced in fusion-
evaporation reactions in which fission is the dominant
decay mechanism. Generally, this technique involves the
coupling of two efficient detection systems at each end of
a recoil separator. The spatial and temporal correlation
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of radiation detected in the low-background environment
of the focal plane of the separator can then be correlated
with radiation detected at the target position. In the
present work two arrays, one of germanium γ-ray detec-
tors and the other of silicon detectors, were located at
the target position while a pair of highly-segmented Si
detectors were positioned at the focal plane of the sepa-
rator.
The present work has resulted in the confirmation of
the decay scheme reported by Bonin et al. [1] and an ex-
tension of this level scheme with the observation of six
previously unreported γ-ray transitions. The measured
angular anisotropy of the γ rays indicates that four of the
five excited states established here have negative parity,
including a candidate Jπ = 3− state. The resulting level
scheme is interpreted in terms of shell model excitations
and the systematic behaviour of excited states in neigh-
bouring nuclei.
II. EXPERIMENTAL DETAILS
The 218Th nuclei were produced via 17470 Yb(
48
20Ca,4n)
fusion-evaporation reactions. The target was
0.85 mg/cm2 in thickness and had an isotopic en-
richment of 98 %. The beam of 4820Ca
10+ ions was
accelerated to an energy of 207 MeV using the K130
cyclotron of the Accelerator Laboratory of the University
of Jyväskylä for a total of 120 hours.
LISA, an array of Si detectors, was located around the
target position to detect charged particles emitted from
the compound system or from short-lived states in the
recoiling fusion-evaporation residues (recoils). The con-
figuration of these detectors was based on that of the
TIARA device [11] and consisted of Si strip detectors
arranged in two coaxial octagonal barrels. The eight de-
tectors comprising the inner barrel were 300 µm thick
and were each composed of four strips giving a total ac-
tive area of 22×95 mm2. The charge was read out from
both ends of the strips thus providing longitudinal posi-
tion sensitivity. The detectors of this inner barrel were
located 33.8 mm from the beam axis and were shielded
from scattered heavy ions by 10 µm-thick Mo foils located
27.5 mm from the axis defined by the beam.
The eight detectors of the outer barrel were of 500 µm
thickness and provided a higher active area (28×95 mm2)
than the inner barrel detectors. These detectors were
positioned 40.4 mm from the beam axis. An annular
Si strip detector of 300 µm thickness was also present
75.0 mm downstream of the target.
Around the Si detectors was the JUROGAM II array
consisting of 34 high-purity escape-suppressed Ge detec-
tors which facilitated the detection of prompt γ radiation.
Ten of these detectors were of the EUROGAM Phase
1 [12] type and were located at 133.6◦ with respect to
the beam direction. The other 24 detectors were of the
Clover type [13] and were arranged in two groups with
the detectors in each group at 75.5◦ and 104.5◦ with re-
spect to the beam line. The target was located at the
centre of the LISA barrels and the array of Ge detectors.
The recoils passed through the central hole of the annu-
lar Si detector of LISA and were subsequently separated
from the unreacted beam using the RITU He-filled mag-
netic separator [14]. They were then transported to the
RITU focal plane where they encountered the GREAT
spectrometer [15]. The first component which the re-
coils encountered was a multi-wire proportional counter
(MWPC) and were subsequently implanted into one of
two double-sided Si strip detectors (DSSDs). The DSSDs
were each of 300 µm thickness and had an active area of
60 × 40 mm2. Each strip had a pitch of 1 mm resulting
in a total of 4800 pixels. In addition to the MWPC and
the DSSDs, the GREAT spectrometer comprised a box of
28 Si PIN diode detectors, a planar Ge detector and four
large-volume Ge detectors, one of which was of the clover
type. The MWPC provided energy loss and (in conjunc-
tion with the DSSDs) time-of-flight information which
was used to separate the recoils from any residual scat-
tered beam. The signals from all detectors were passed
to the total data readout (TDR) aquisition system [16]
where they were timestamped with a precision of 10 ns
to facilitate temporal correlations between the implan-
tation of recoils in the DSSDs and both their prior and
subsequent radioactive decays. The data were analyzed
using the Grain software package [17] and the Radware
suite of programs [18].
III. EXPERIMENTAL RESULTS
In previous studies the ground state of 218Th has been
reported to decay by emitting a 9666(10) keV α parti-
cle [19]. The half-life of 117(9) ns [19] means that it
is difficult to use this activity to perform conventional
recoil-decay tagging. This is because, even with an ideal
100% transport efficiency of the recoil separator, only ap-
proximately 1% of all 218Th nuclei produced would sur-
vive the 0.5-1 µs flight time from the target position to
the focal plane. Instead it is the 214Ra nuclei, produced
via the in-flight α decay of 218Th, which are implanted
and subsequently decay via α emission.
The ground state of 214Ra has been reported to decay,
predominantly (99.8%), via the emission of an α parti-
cle of energy 7137 keV with a half-life of 2.46 s [20]. In
the analysis of a RDT measurement the convention is
to accept those radioactive decays which are observed in
the same pixel into which the recoiling nucleus has been
implanted and within some time interval. This corre-
lation time is limited initially by the dead time of the
electronics, which was approximately 13 µs. The length
of time over which the correlation of implantation and
decay events can be correlated is limited only by the av-
erage implantation rate. In the case of the present work
the average implantation rate was found to be approxi-
mately 50 Hz summed across both DSSDs. This means














































FIG. 1. (a) All decays observed in the DSSDs within nine
seconds of a recoil implantation in the same pixel. (b) Same as
(a) but with the added condition that an event was observed
in the annular detector of LISA. The origin of the labelled
peaks is discussed within the text.
in a given pixel was approximately 67 s. The low im-
plantation rate of the present work has meant that it has
been possible to utilize long correlation times.
Figure 1(a) shows those α decays which occur within
nine seconds of the implantation of a recoil in the
same pixel. The energy calibration of the DSSDs
was performed using the known α radiation of 210Rn
(6041(3) keV [21]), 215Ra (8700(5) keV [22]) and 217Th
(9261(4) keV [23]). The peak in Fig. 1 corresponding
to the highest abundance of α decays has an energy of
7142(5) keV which is in good agreement with the previ-
ously reported energy of the α decay of the ground state
of 214Ra.
In Fig. 2(a) is shown the prompt γ radiation observed
at the target position associated with those recoils im-
planted into the DSSDs of the GREAT spectrometer and
which have been followed, within 9 s, by the detection of
an α particle consistent with the known energy of the
α-decay of the ground state of 214Ra. Calculations using
the code PACE, which is based on the work of Ref. [24],
suggest that the cross section for the direct production of
214Ra nuclei is two orders of magnitude lower than that
for the production of 218Th. This means that very few,
if any, of the 214Ra α decays shown in Fig. 1(a) are the
result of the direct population of this nucleus. Instead
it is proposed that these α decays are the result of the
in-flight α decay of the 218Th nuclei. Support for this
argument can be found in Fig. 2(a) in which there is no
evidence of the 1382 keV 2+ → 0+ γ-ray transition [25]
which would be observed if 214Ra was populated directly.
In addition, the peaks in Fig. 2 identified as Kα and Kβ
consists of three distinct peaks of energies of 90, 93 and
105 keV which are consistent with the known Kα2, Kα1
and Kβ1 x-ray lines of Th.
Further support for the argument that the observed
214Ra α decays are not produced directly can be found in
a comparison of Figures 1(a) and (b) which are identical
with the exception that the latter shows those α decays
correlated with events detected in the annular detector
of LISA. Monte-Carlo simulations of the performance of
the LISA detectors suggest that the detection efficiency
of the annular detector is approximately 5% in the case of
promptly-emitted charged particles of energies expected
to result from this reaction. This efficiency is predicted
to drop to 0.5% in the case of 9.7 MeV α particles emitted
with a half-life of 117 ns. The number of 214Ra α decays
in Figs. 1(b) is 0.63(2)% of those in Fig. 1(a) which is
close to the simulated efficiency. This result is consistent
with the situation that the 214Ra α decays detected in the
DSSDs of GREAT are not the result of the direct pop-
ulation of 214Ra nuclei following the fusion-evaporation
reactions but are the result of the in-flight α-decay of nu-
clei with properties consistent with those of the ground
state of 218Th.
Eleven γ-ray transitions have been identified in the
spectra of Fig. 2. The measured properties of these tran-
sitions are listed in Table I. Five of the observed tran-
sitions have been reported in an earlier study in which
they were interpreted by Bonin et al. [1] as a cascade of
E2 transitions depopulating a Jπ = 10+ state. The level
scheme presented in the earlier work has been augmented
with the addition of the six transitions identified as result
of the present study. This level scheme is shown in Fig. 3.
It should be noted that a 355 keV transition reported in
Ref. [1] was not observed in the present study. The or-
dering of the γ-ray transitions has been established based
on a γγ coincidence analysis (examples of which can be
seen in Fig. 2(b)-(d)) and their measured intensities. In
determining the intensities, listed in Table I, the mea-
sured energy-dependent efficiency of the γ-ray detectors
and the effects of internal conversion have been taken
into account.
Conventional means of measuring the multipolarity
of the γ radiation have proved difficult in the present
work. Nonetheless, in an attempt to determine the
spins and parities of the previously unreported excited
states of 218Th the multipolarity of the γ-ray transitions
has been investigated by exploiting the unique geome-
try of the Clover detectors which were located at angles
close to 90 degrees with respect to the direction of the
beam. In the case of the ring of twelve Clover detec-
tors located at 104.5◦ they can be separated into two
rings of twenty-four Ge crystals each located at angles
of 100◦ and 109◦. For each transition the efficiency-
corrected intensity was measured in these rings and a
ratio (R = Iγ(109
◦)/Iγ(100◦)) constructed. Informed by
the well-known angular distribution of stretched dipole
and quadrupole radiation from aligned nuclei, this ratio
is expected to take on values less than unity for stretched
dipole radiation and for strecthed quadrupole transitions
R > 1. The values of this ratio for each of the eleven tran-

























































































FIG. 2. (a) Prompt γ rays correlated with the observation of the characteristic α decay of 214Ra. Background-subtracted γ-ray
spectra observed in coincidence with transitions of (b) 689 keV, (c) 173 keV and (d) 389 keV.
TABLE I. Properties of γ rays associated with the decay of
excited states of 218Th as a result of the present work. Inten-
sities Iγ and I represent the measured γ-ray intensity and the
transition intensity which has been corrected for internal con-
version assuming no mixing of multipolarities. The intensities
have been normalized with respect to the 689 keV 2+ → 0+
transition. The angular anisotropy ratios, R, given in the ta-
ble are discussed in the text. Spin and parity assignments are
also listed.
Eγ (keV) Iγ I R J
π
i → Jπf
114.2(7) 21(2) 29(3) 0.93(32) 4+ → (3−)
146.7(5) 92(3) 110(4) 0.85(10) (16+)→ (15−)
173.1(4) 443(8) 502(12) 0.93(3) (11−)→ 10+
200.9(4) 416(7) 686(15) 1.23(5) 8+ → 6+
337.8(5) 536(10) 600(14) 1.09(4) 10+ → 8+
368.5(3) 767(13) 838(18) 1.21(4) 6+ → 4+
388.9(6) 86(4) 88(4) 0.99(10) (3−)→ 2+
413.7(4) 326(8) 348(10) 1.05(6) (13−)→ (11−)
473.7(5) 206(6) 216(7) 1.08(9) (15−)→ (13−)
503.3(3) 924(16) 963(22) 1.12(4) 4+ → 2+
689.0(3) 1000(20) 1021(25) 1.13(4) 2+ → 0+
219Th: 362 M1 0.90(12) 11/2+ → 9/2+ [4]
219Th: 537 E2 1.10(7) 13/2+ → 9/2+ [4]
Also listed in Table I are ratios measured for a known
magnetic dipole transition and an electric quadrupole
transition in 219Th. The multipolarity of these transi-
tions was previously established by Reviol et al. [4].
IV. LARGE-SCALE SHELL MODEL
CALCULATIONS
Large-scale shell model calculations were performed by
taking 208Pb as a core with 82−126 model space for pro-
tons and 126 − 184 model space for neutrons. The va-
lence proton model space included the six orbitals 1f7/2,
2p3/2, 0h9/2, 2p1/2, 1f5/2, and 0i13/2 while the valence
neutron model space comprised the seven orbitals 1g9/2,
0i11/2 , 0j15/2, 2d5/2, 3s1/2, 1g7/2, and 2d3/2. Calcu-
lations proceeded with an effective interaction derived
from the CD-Bonn NN potential using Vlow−k renor-
malization approach [26]. For the calculation to be feasi-
ble, only two protons were permitted to be excited from
0h9/2, 1f7/2 to 0i13/2 orbitals, while all neutron orbitals
were open. The shell model code Antoine [27] was used
to diagonalize the matrices, the dimensions of which in-
volved in the present calculation for 0+ state is ∼90×106.
The results of calculated spectra are shown in Fig. 4. The
largest configurations contributing to different levels are
given in the Table II. We have also reported shell model
results of B(E2) values for different transitions in the Ta-
ble III. Effective charges corresponding to ep=1.5e and
en=0.5e have been used. The positive parity states up
to J = 10~ are well connected with E2 transitions.
V. DISCUSSION
The level scheme established by Bonin et al. [1] has























FIG. 3. The level scheme representing the decay of excited
states of 218Th established in the present work. The non-
tentative spin and parity assignments reported in Ref. [1] have
been included. Transition and level energies are given in units
of keV and the widths of the arrows are proportional to the
measured intensities of the transitions. The unfilled region of
the arrows is indicative of internal conversion. The labels for
the 114 keV and 147 keV transitions have been offset to show
the arrows.































































FIG. 4. Comparison of experimental and theoretical energy
levels for 218Th.
anisotropies measured for the five previously reported γ
decays are consistent with them being quadrupole tran-
sitions. In Ref. [1] it was reported that the Jπ = 8+ and
10+ states have half-lives of 1.2(2) and 0.3(2) ns. It has
not been possible to confirm the lifetimes of these states
using the apparatus employed in the present study.
A common feature of the even-A N = 128 isotones is
an isomeric Jπ = 8+ state. Bonin et al. [1] suggested
TABLE II. The largest contributions to the configuration of
wave functions for 218Th.
Jπ(~) Wave function Probability
0+ π(h69/2f
2
7/2) ⊗ ν(g29/2) 14%
2+ π(h69/2f
2
7/2) ⊗ ν(g29/2) 25%
4+ π(h69/2f
2
7/2) ⊗ ν(g29/2) 28%
6+ π(h69/2f
2
7/2) ⊗ ν(g29/2) 28%
8+ π(h69/2f
2
7/2) ⊗ ν(g29/2) 28%
10+ π(h69/2f
2
7/2) ⊗ ν(i111/2g19/2) 26%
16+ π(h79/2f
1
7/2) ⊗ ν(g29/2) 42%
3− π(h89/2) ⊗ ν(g19/2j115/2) 26%
11− π(h89/2) ⊗ ν(g19/2j115/2) 32%
13− π(h69/2i
2
13/2) ⊗ ν(g19/2j115/2) 31%
15− π(h69/2i
2
13/2) ⊗ ν(g19/2j115/2) 37%
TABLE III. The shell model results for B(E2) values using
effective charges ep=1.5e and en=0.5e.
Jπi → Jπf B(E2) (e2fm4)
2+ → 0+ 462
4+ → 2+ 358
6+ → 4+ 258
8+ → 6+ 113
10+ → 8+ 11
that since the B(E2) of the 8+ → 6+ decay continued
to increase with increasing Z, that the dominant config-
uration of the 8+ state has two neutrons occupying the
lowest-energy valence orbital, g9/2. The results of the
present shell model calculations do indeed support this
assertion with this configuration accounting for ∼ 28% of
the total wavefunction. In Ref. [1] it was argued that the
main contribution to the wavefunction of the 10+ state
is the ν(g19/2i
1
11/2) configuration. This too is supported
by the shell model calculations reported here.
Four of the previously unreported transitions have
been observed to be in coincidence with the five tran-
sitions first established by Bonin et al. [1]. The most in-
tense of these transitions, observed to feed the 10+ state,
has an energy of 173 keV. The angular anisotropy ra-
tio for this decay is consistent with it being a stretched
dipole transition suggesting that the 2274 keV state, from
which it originated, most likely has Jπ = 11−. Further
evidence for this transition being an electric dipole can
be found by comparing the results of the present study
with the results of Ref. [1]. In the present work the γ-ray
intensities of the 173 and 201 keV transitions have been
found to be very similar. Bonin et al., however, reported
no evidence for conversion electrons associated with a
transition of 173 keV suggesting that this transition does
not have either M1 or E2 character. Furthermore, if the
character of this transition was anything other than E1
then this would be the most intense transition in this
nucleus.
There are few low-energy single-particle excitations in
the relevant valence space which can result in a state of
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FIG. 5. Excitation energies of Jπ = 3− states in thorium
isotopes with N ≥ 126. The unfilled data point corresponds
to the result of the present work. The data, represented by
the filled squares, have been extracted from Refs. [2, 28–33].
negative parity and spin 11~. One such configuration in-
volves the excitation of a valence neutron to the j15/2 or-
bital. This is supported by the results of the shell model
calculations which indicate that the largest contribution




The next most intense transitions have Eγ = 414
and 474 keV. The measured angular anisotropies sug-
gest that these transitions are stretched quadrupole in
nature meaning that the most probable spins and pari-
ties of the decaying states are (13−) and (15−), respec-
tively. It is worth noting that the uncertainties associ-
ated with the angular anisotropy ratios means that the
414 and 474 keV transitions may also be dipoles. Ex-
cellent agreement is obtained between the observed en-







15/2): 3159 keV shell model state.
A γ-ray transition of 147 keV was observed to feed the
proposed (15−) state. The measured properties of this
decay indicate that this is most likely a dipole transition.
It is unlikely that this transition is a magnetic dipole
since, when internal conversion is taken into account, this
would be one of the most intense transitions in the decay
of excited states of 218Th. Instead it is more likely to
be an electric dipole decay suggesting that the 3308 keV
state from which it originates has Jπ = (16+). This
state is reproduced reasonably well by the shell model
calculations indicating that the largest contribution to






Two of the transitions first observed as a result of the
present study have been observed in coincidence with all
other 218Th decays with the exception of the 503 keV line
(4+ → 2+) indicating that these by-pass this decay path.
The angular anisotropy ratios measured for both of these
transitions suggest that they are likely to be dipoles. If
the 114 keV transition was ofM1 character the Weisskopf
estimate for the transition probability would be an order
of magnitude larger than the estimated probability of
the competing 503 keV E2 decay. This would mean that
the 114 keV transition would dominate the decay of the
4+ state. However, since the intensity of the 114 keV
represents 3% of the decay of this state then it is more
likely that this transition has E1 character. Therefore
it is proposed that the state observed at 1079 keV has
Jπ = 3−.
Support for the assignment of this spin and parity
can be seen in Fig. 5 in which the excitation energies
of 3− states in the Th isotopes have been plotted as
a function of neutron number. The energy of the pro-
posed 3− state in 218Th fits with the smooth parabolic
trend already established in the Th isotopes, as high-
lighted in Fig. 5, which reaches a minimum for 224Th
and 226Th. These thorium isotopes are those in which
octupole correlations are thought to be strongest as evi-
denced by the observation of enhanced B(E1)/B(E2) ra-
tios of 10−6 fm−2 [34, 35]. In the case of 218Th a measure-
ment of the branching ratio of the decay of the 4+ state
provides a B(E1)/B(E2) ratio of 4.96(49)× 10−7 fm−2.
Although Hauschild et al. [2] reported no B(E1)/B(E2)
ratio in their study of 216Th, the E1 4+ → 3− transi-
tion appears to dominate the decay of the 4+ state in
that isotope. Inspection of the γ-ray spectra of Ref. [2]
suggests a B(E1)/B(E2) ratio at least an order of mag-
nitude higher than that measured here for 218Th.
Enhanced octupole correlations may result in a large
electric dipole moment due to a shift in the centres of
charge and mass of the nucleus. Dipole moments ex-
tracted from nuclei associated with such octupole cor-
relations are exceptionally large corresponding to 0.1 −
0.5 efm [36]. An estimate of the intrinsic dipole moment,
D0, can be calculated based on B(E1)/B(E2) ratios and
the intrinsic quadrupole moment, Q0. The current ex-
periment was not sensitive to the lifetimes of the excited
states meaning that it has not been possible to measure
the intrinsic quadrupole moment of the Jπ = 4+ state.
However, using the method prescribed by Grodzins [37],
the intrinsic quadupole moment can be estimated from
the excitation energy of the first Jπ = 2+ state. Using
this value of Q0 = 257 efm
2 the intrinsic dipole moment
is calculated to be D0 = 0.094(9) efm. In the even-
even thorium isotopes, the intrinsic dipole moment has
values of 0.11(2) efm in 228Th, before reaching a maxi-
mum in 224Th (D0 = 0.41(5) efm) and dropping again
to 0.25(3) efm in 220Th [36]. The value determined here
for 218Th fits well with this trend of decreasing D0 as the
N = 126 shell closure is approached.
In summary, the recoil-decay tagging technique has
permitted the observation of γ-ray transitions associated
with the decay of excited states in 218Th. The level
scheme has been extended with the addition of five previ-
ously unreported states. Large-scale shell model calcula-
tions have been employed in order to gain an understand-
ing of the microscopic structure of these excited states. A
candidate Jπ = 3− state has been reported and, as a re-
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sult, has permitted the measurement of a B(E1)/B(E2)
ratio in this nucleus for the first time. The measured
value of this ratio is consistent with the conclusions of
previous studies of 218Th which suggested that this nu-
cleus is near-spherical in shape and also indicates that
218Th exhibits a reduced degree of reflection asymmetry
compared with that identified in the heavier isotopes.
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